Restriction fragment length polymorphism (RFLP) of mitochondrial DNA in the genus Oryza was surveyed using 20 accessions including 11 species and a single endonuclease, EcoRI. RFLPs were visualized by Southern hybridization with eight rice mitochondrial DNA probes labeled non-radioactively with digoxigenin-dUTP. A total of 66 bands were obtained from all of the accessions. The total number of fragments per plant was higher in diploid A-genome species (an average of 35.3) than that in diploid B-and C-genome species and allotetraploid BC-and CDgenome species (an average of 28.2). The extent of the polymorphism in the RFLP patterns was various depending on the probes used. A diverse polymorphism was observed with most of the probes used, i.e. the cob, cox I, atp6, rrn18, rrn26 and atp9 regions, whereas, no polymorphic band was observed with a probe for the coxII region. The genus Oryza was separated into two large clusters. One cluster was comprised of A-genome species and the other cluster was comprised of B-, BC-, C-, and CD-genome species. Within A-genome species, the genetic variation was relatively high. Even in O. sativa species, the RFLP patterns of japonica and indica subspecies were clearly different from each other when three probes were used. However, there was no polymorphism between O. glaberrima and O. barthii. Within the genomes of B, BC, C, and CD, RFLP patterns were similar to each other and they showed a closer affinity except for O. minuta (BBCC). Within the BC genome species, the patterns of O. punctata and O. minuta were largely different from each other and separated into two different subclusters. Thus, the mitochondrial genomes of the two BC species (O. punctata and O. minuta) apparently evolved independently. Among CD genome species (O. latifolia and O. alta), the patterns of one accession, O. alta W0017 were largely different from those of the other accessions of CD genome species.
There are three cellular compartments in plant cells: the nucleus, the chloroplast and the mitochondrion. They each have a genome, i.e. nuclear DNA (nDNA), chloroplast DNA (ctDNA) and mitochondrial DNA (mtDNA). For studying phylogenetic relationships we should evaluate the genetic diversity and phylogeny of cytoplasmic genomes as well as the nuclear genome. The present experiment aims to clarify the phylogenetic relationships on the basis of mtDNA RFLP patterns. The genome size of rice mitochondria was estimated at 492 kbp (Iwahashi et al., 1992) which is 3.6 times larger than that of the rice chloroplast genome (134 kbp, Hirai et al., 1985) .
Phylogenetic relationships in the genus Oryza have been mainly based on morphological and cytogenetic investigations. Genomes in the genus Oryza have been characterized at the level of chromosome pairing (Tateoka, 1963; Nayar, 1973; Katayama, 1967) , morphometric traits (Morishima and Oka, 1960) and biochemical traits including isozymes (Second, 1985) . Phylogenetic studies have also been based on RFLPs of nDNA (Jena and Kochert, 1991; Wang et al., 1992) , cpDNA (Ishii et al., 1988; Dally and Second, 1990) and mtDNA . Ishii et al. (1993) reported relative variability in the three genomes: nuclear, chloroplast and mitochondrial genomes NOTES on the basis of RFLPs using O. sativa and O. glaberrima. Recently, a variation of random amplified polymorphic DNA (RAPD) analysis was also applied to the study of phylogenetic relationships of A genome species (Fukuoka et al., 1992; Ishii et al., 1996) . However, there have been a very few reports on genetic relationships based on mitochondrial DNA RFLPs in the genus Oryza. In the mitochondrial genome, there are some important genes for ATP synthesis and ion transport. Some types of mitochondrial genome are known to be associated with cytoplasmic male sterility (Kadowaki et al., 1988; Akagi et al., 1995) . Recently, the structure of the rice mitochondrial genome was clarified (Yamato et al., 1992; Iwahashi et al., 1993) . Furthermore, it has been shown that some parts of the rice chloroplast DNAs have been integrated into the mitochondrial rice genome and undergone recombination (Nakazono et al., 1993) . Thus, in this experiment, we focused on mtDNA RFLP to clarify the genetic relationships.
Twenty accessions from 11 species of the genus Oryza were used ( Table 1 ). All of the accessions except the two O. sativa accessions were generously provided by Dr. Morishima in National Institute of Genetics in Japan. Plants were grown in a greenhouse and relatively young and soft leaves were sampled for DNA extraction. Total DNAs were extracted from 0.4 g of rice leaves as described by Honda and Hirai (1990) . The quality of the total DNA was analyzed by agarose gel electrophoresis, and only unbroken DNA was used for RFLP analysis.
For each accession, total DNA (2 -3 µg) was digested overnight at 37°C with a single restriction endonuclease, EcoRI. (Takara Shuzo Co., Japan). Restriction fragments were separated by electrophoresis on 0.7% agarose gels. Southern hybridization analysis was performed using a non-radioactive DNA labeling and detection kit (Boehringer Mannheim Biochemical, Mannheim, Germany).
The mitochondrial DNA (mtDNA) probes that were used are listed in Table 2 . We used eight rice mtDNA probes which contained genes important for ATP synthesis and electron transport. They were originally cloned from O. sativa. ssp. japonica cv. Nipponbare using λ-DASH phage vector (Iwahashi et al., 1992) . Mitochondrial DNA fragments which include these genes were subcloned into the Sal I or Xba I sites of a plasmid vector, pUC19. The length of the ORF of the genes was about 0.5 to 2 kbp but the probes used in this experiment were slightly longer, the length being of 2.0 to 13.6 kbp, because longer hybridization of the probe will give clear taxonomic relationships.
For the RFLP patterns after hybridization with the eight rice mitochondrial DNA probes, a data matrix was made, using "1" and "0" for the presence and absence, respectively, of a particular band. The data was analyzed with Excel (Microsoft Co., USA). The data matrix was used for a clustering analysis. A distance matrix was produced with a program, Neighbor which is a part of phylogeny packages, PHYLIP Ver. 3.572 using the formula, GDxy = 1 -2Nxy / (Nx + Ny) in which Nxy = the number of the bands shared by a given pair of accessions, and Nx + Ny = the total number of bands observed for the pair of accessions. A dendrogram was constructed by the unweighted pair group method using the UPGMA method (Sneath and Sokal, 1973) with the program, Neighbor and drew a tree using the program TreeView in the PHYLIP Ver. 3.572 package. The bootstrap analysis was conducted with the program WINBOOT (Yap and Nelson, 1996). The robustness of each cluster was represented as the percentage of occurrence of the group in 1000 iterations. Fine bands were visualized using the eight rice mitochondrial DNA probes which were labeled with digoxigenin. One example of RFLP patterns of rice mt DNA is shown in Figure 1 . The number of bands hybridized with the various probes and EcoRI digestion varied widely depending on the probe. Bands of minor intensity that were detected after the alkaline phosphatase reaction were ignored. The number of bands varied between 2 to 13 depending on the probe used. More than 10 bands were observed when longer DNA fragments were used as a probe, especially with probes for the cob and atp6 regions whose lengths were 13.6 and 12.6 kbp, respectively. A total of 66 bands were observed with the eight mitochondrial DNA probes for all of the accessions that were used. Of the 66 bands, 19 were common to all the accessions and species. The total number of bands that were obtained for each accession are given in Table 1 . The total number of bands per plant was higher in diploid A-genome species (an average of 35.2) than in diploid B-and C-genome species, and allotetraploid B-and CD-genome species (an average of 28.2).
The hybridization patterns obtained with the different probes widely differed. When the probes of cob, coxI, atp6, atpA, rrn18, rrn26 and atp9 were used, different patterns were observed among accessions. The hybridization patterns of the A genome species were quite different from those of the other species. Within the A genome species, the hybridization patterns were similar and among the B, BC, C, and CD genome species, the patterns were also similar. When the coxII probe was used, no polymorphism was observed in any of the accession. Among A-genome species, the pattern of O. glumaepatura was the most different from others. Even in the cultivated species of O. sativa, the patterns of japonica and indica subspecies were different when the cob, coxI and atp6 probes were used. Among the B-, BC-, C-and CD-genome species, there was remarkable homogeneity in the mtDNA RFLP patterns except for O. minuta which, like O. punctata, contains both B and C genomes (Katayama, 1967; Nayar, 1973) . This may indicate that the members in the complex evolved from an ancestor with a common mitochondrial genome and differentiated to form individual species and varieties.
The UPGMA dendrogram of the genus Oryza was generated from a similarity data matrix, which depicts the genetic relationships among all accessions (Fig. 2) . The genetic variation among accessions was defined as the mean distance of all pair-wise comparisons between different accessions. Two large clusters were identified. One was the O. sativa complex which is diploid and carries the A genome, and the other was the O. officinalis complex which includes diploid and allotetraploid species carrying the B, BC, C and CD genomes. Among A-genome species O. glaberrima (W0440) was not distinguishable from O. barthii (W0822). O. glumaepatura (W1713 and W1185) was the most different of the A genome species used in this experiment. These results clearly reinforce the classifications based on morphological, physiological and biochemical characteristics (Morishima et al., 1963; Oka, 1974; Morishima and Oka, 1981; Second, 1985) . These results also coincided with phylogenetic data revealed by a RAPD analysis using only A-genome species (Ishii et al., 1996) .
In Iwahashi et al. (1993) . Fig. 1 . Hybridization patterns of mtDNA in the genus Oryza using a probe of the cob region. The numbers indicate the accessions described in Table 1. cies, no close relationships were observed between O. minuta (BBCC) and O. punctata (BB and BBCC). The diploid O. punctata (B genome, W1145) was indistinguishable from the allotetraploid O. punctata (BC genome, W0015 and W1409). These results coincided well with phylogenetic data from based on ctDNA RFLPs (Dally and Second, 1990) . These results may indicate that the mitochondrial genome of O. minuta has evolved independently from O. punctata (BBCC) which has the same BC genome. In this experiment, we used eight rice mtDNA probes having a total size of 71.0 kbp, scattering over the entire mtDNA molecule. The probes probably hybridize to more than 100 kbp of the mtDNA molecule in the estimated 492 kbp rice mt DNA (Iwahashi et al. 1992) . The possibility that the mtDNA probes cross-hybridize with cpDNA molecule has been suggested (Nakazono and Hirai, 1993) . This may have happened in our experiment, although Second and Wang (1992) reported that none of the polymorphic bands that they observed were related to a ctDNA band. In our case, we used probes labeled with nonradioactive digoxigenin. This label in combination with the alkaline phosphatase reaction gives sharp and narrow bands. We did not include faint hybridization bands in this study. However, under these conditions, the data was sufficiently reliable for use in a phylogenetic analysis.
